Understanding of functional diversity of microbial populations has lagged description of their molecular diversity. Differences in substrate specificity, kinetics, products, and regulation can dramatically influence phenotypic variation among closely related strains, features that are missed when the strains studied are the fastest-growing and most easily isolated from serial enrichments. To investigate the broader bacterial diversity underlying degradation of anthropogenic chemicals in nature, we studied the 3-chlorobenzoate (3-CBA) degradation rate in a collection of aerobic 3-CBA degraders previously isolated from undisturbed soils in two representative ecosystems: (i) Mediterranean sclerophyllous woodlands in California, Chile, South Africa, and Australia and (ii) boreal forests in Canada and Russia. The majority of isolates degraded 3-CBA slowly and did not completely mineralize 1.0 mM 3-CBA within 1 week. Those with intermediate degradation rates had incomplete degradation pathways and produced colored intermediates indicative of chlorocatechol, a product likely metabolized by other members of the community. About 10% of the isolates grew rapidly and mineralized greater than 90% of the 3-CBA, but because of population heterogeneity in soil, they are likely not large contributors to a soil's total transformation capacity. This suggests that xenobiotic degradation in nature is carried out by a community of cometabolic generalists and not by the efficient specialists that have been traditionally studied in the laboratory. A subset of 58 genotypically distinct strains able to degrade >80% of the 3-CBA was examined for their catabolic versatility using 45 different compounds: mono-and dichlorinated benzoates, phenols, anilines, toluenes, nitrobenzenes, chlorobenzenes, and 2,4-dichlorophenoxyacetic acid. The isolates degraded from 2 to more than 30 compounds with a median of 7, but there was no correlation to habitat of isolation or 3-CBA activity. However, these findings were indicative of finer-scale functional diversity.
S
ynthetic chemistry has produced many chemicals of commercial importance for modern society, but the recycling of those chemicals by biodegradation presents a challenge to microorganisms, because their chemical structures are foreign to microbial enzymes and pathways. Not surprisingly, the biodegradability spectrum ranges from recalcitrant to rapidly degradable and supporting microbial growth with complete mineralization. Much of the elegant work that provides our current biodegradation knowledge has been done with microbes (and enzymes) from the rapid degradation end of the spectrum. These strains were often isolated after serial enrichment, which results in the fastest-growing strains being isolated and perhaps is not reflective of the strains more broadly involved in biodegradation in nature. Furthermore, some of these strains come from environments with histories of longterm exposure to xenobiotic compounds, which resulted in further environmental enrichment and perhaps even evolution for improved fitness for degrading the chemical.
To investigate the capacities of natural, unenriched populations to biodegrade anthropogenic chemicals that reach the soil environment, we sampled pristine soils from natural preserves or other undisturbed sites with no suspected exposure to human-made chlorinated compounds and from geographically separated regions in boreal forest and Mediterranean ecosystems. Although a number of serially enriched 3-chlorobenzoate (3-CBA) degraders have been studied (1, 2, 3) , our interest was whether or not they represent the minority, and if so, what are the different features of the majority. We previously reported [ 14 C]-3-CBA mineralization by 14 CO 2 production in 96% of 668 soil samples collected from these sites (4) and determined that minimally enriched 3-CBA-degrading strains isolated from these samples exhibit a high level of endemicity (5) . 16S rRNA gene sequence analysis of representatives of the different repetitive extragenic palindromic PCR (REP-PCR) groups indicated that the strains were Burkholderia, Ralstonia, or Pseudomonas. The REP-PCR analysis demonstrated high diversity among strains (5); however, the significance of genetic diversity at the functional level has been minimally examined and cannot be directly inferred from the analysis of genetic markers (6, 7, 8) . Here, we report the ability of native strains isolated from those soils to degrade 3-CBA and other substituted aromatic compounds.
The catabolic range of previously studied 3-CBA degraders was most frequently examined using a limited number of closely related compounds (e.g., chlorobenzoate and dichlorobenzoates) to elucidate substitution effects on catabolic specificity (9, 10) and, less frequently, using varied chemical classes (e.g., other chlorobenzoates and chlorotoluenes) (11) . Our objective was to determine the functional diversity of aerobic 3-CBA-degrading bacteria by qualitatively measuring 3-CBA degradation kinetics and products and by examining their metabolic diversity by testing for assimilation of a wide range of substituted aromatic compounds. We hypothesized that metabolic versatility among 3-CBA degraders would follow two gen-eral strategies: (i) high-efficiency mineralization using narrow-specificity catabolic pathways or (ii) low-efficiency transformation using broad-specificity enzymes. The latter would well serve nutritionally flexible organisms in the face of fluctuating soil nutritional states, since they would derive the greatest metabolic benefit from a relatively modest genetic investment.
We found that although 3-CBA isolates are phylogenetically similar (4), they varied widely in both 3-CBA activity and substituted aromatic metabolism. Degradation kinetics and products ranged from rapid and complete mineralization to slow and partial transformation with the accumulation of intermediate metabolic products, with the latter class being the more common in these pristine soils.
MATERIALS AND METHODS
Bacterial strains. Enrichment and isolation protocols were described previously (4). Briefly, 1.0 g dry weight soil samples (Table 1) were placed into individual wells of a 24-well microtiter plate, amended with 50 g 3-CBA and 0.05 Ci 3-CBA-ring-UL- 14 C, incubated at room temperature, and screened for 14 CO 2 production (12). To minimize 3-CBA adaptation under laboratory conditions, transfers and subculturing were held to a minimum. Samples mineralizing 3-CBA were transferred to secondary enrichments in defined basal media. Degraders were isolated from active secondary enrichments on nonselective agar (R2A; Difco, Detroit, MI), and 3-CBA mineralization was confirmed by 14 CO 2 production in chemically defined medium containing 3-CBA-ring-UL-14 C. Pure 3-CBAmineralizing cultures were stored in 50% glycerol at Ϫ70°C.
Media and reagents. Medium A was prepared after Wyndham's basal medium (13) and supplemented with 5 mg of yeast extract (Difco) per liter. Defined aerobic basal (DAB) medium is a phosphate-buffered, mineral salts medium amended with amino acids, vitamins, and minerals commonly required by fastidious aerobic bacteria (14) . DAB salts medium (DAB without organic supplements) was used as the dilution fluid. 3-CBA (more than 99% pure) was purchased from Aldrich Chemical Co., Inc. (Milwaukee, WI), and 3-CBA-ring-UL-14 C (98% pure; 11.4 mCi 3-CBA degradation assay. Isolates shown to metabolize 3-CBA by evolving 14 CO 2 from 3-CBA-ring-UL-14 C were cultivated from Ϫ70°C glycerol stocks on R2A agar. Phenotypic 3-CBA degradation stability was evaluated following five-passage, sequential transfers on R2A agar cultivated for 24 h at room temperature. After passage, culture tubes containing 3.0 ml of 1.0 mM 3-CBA in medium A were inoculated with 0.1 ml of the R2A-grown cells suspended in buffered mineral salts. All tubes were inoculated with approximately the same cell density estimated visually from the turbidity of the suspensions. Tubes were incubated at room temperature without agitation for 7 days. The amount of 3-CBA remaining in medium A was quantified by high-performance liquid chromatography (HPLC) using a Hewlett-Packard (Palo Alto, CA) series 1050 highperformance liquid chromatograph equipped with a LiChrosorb RP-18 (10 m) reverse-phase column (E. Merck, Darmstadt, Germany) and a multiple-wavelength detector simultaneously scanning 218, 230, and 280 nm. The mobile phase was 70% methanol and 30% aqueous H 3 PO 4 (0.1%). Accumulation of colored metabolites, indicating presumptive chlorocatechol formation, was determined visually.
Chloride release and chlorocatechol production assay. Chloride release to confirm dechlorination of the aromatic ring was determined using 3-CBA isolates from South Africa, Chile, Russia, and Canada. After 21 days, supernatant from the 1.0 mM 3-CBA degradation assay cultures described above was measured spectrophotometrically (15) using Spectroquant reagents (E. Merck, Darmstadt, Germany) with a detection range of 5 to 125 mg/liter at 450 nm on a Bio-Tek EL312e automated plate reader (Bio-Tek Instruments, Inc., Winooski, VT). The presence of colored (purple-brown) metabolites was determined visually and recorded to indicate presumptive polyphenol production.
[ 35 S]sulfate substrate range assay. Fifty-eight genotypically distinct isolates (4) were tested for substituted aromatic degradation using the previously validated 35 SO 4 2Ϫ assimilation assay (14, 16) . Each of these strains had previously demonstrated the ability to degrade at least 80% of the 1.0 mM 3-CBA in broth culture and represented global isolates with the greatest 3-CBA transformation capacity. Sterile, concentrated aqueous substrate solutions were added to individual petri dishes, followed by addition of Na 2 35 SO 4 . Concentrated stock solutions were adjusted with sterile distilled water to achieve a final concentration of 100 g substrate ml Ϫ1 and 1.0 Ci 35 SO 4 2Ϫ ml Ϫ1 DAB in the completed plates. Since toxicity was anticipated with dichlorobenzoates and chlorinated phenols, these compounds were adjusted to 20 and 50 g ml Ϫ1 , respectively. Petri dishes were then gently swirled to mix the solutions. Double-strength DAB with 1.5% agarose was melted in boiling water, cooled to 50°C, and aseptically dispensed into the petri dishes containing the substrate-35 SO 4 2Ϫ mixture using a sterile self-filling syringe. After addition of 2ϫ DAB-agarose, the final concentrations of the test substrates were 50 g ml Ϫ1 (10 and 25 g ml Ϫ1 for the dichlorobenzoates and chlorinated phenols, respectively) and 1.0 Ci 35 SO 4 2Ϫ ml Ϫ1 . DAB control plates were prepared by following the procedures described above using only sterile distilled water in place of substrate. After the medium solidified, a sterile surfactant-free 0.45-m by 85-mm HATF nitrocellulose filter (Millipore Corp., Bedford, MA) was placed on each plate. Plates were incubated for 2 to 3 days at room temperature to remove excess moisture and avoid excessive spreading of inoculum.
Stock cultures were revived from Ϫ70°C glycerol stocks by plating onto R2A agar and incubating for 2 days at room temperature. Following incubation, well isolated colonies were suspended in 1.0 ml DAB salt base and incubated for 48 h at room temperature to deplete cell energy reserves. After starvation, 100 l of cell suspension was transferred into separate wells of a 96-well microtiter plate. Filter plates were inoculated with starved cell suspensions using a 48-prong inoculator (Sigma Chemical Comp., St. Louis, MO). The diameter for a single prong-wetted zone was 4 mm, and the volume of inoculum transferred per inoculator prong, determined gravimetrically from the average mass of water retained by HATF filters on dry agar plates, was 1.70 l (standard deviations [SD], 0.23).
After incubating for 2 weeks at room temperature, filters were removed and unincorporated 35 SO 4 2Ϫ was removed by diffusion onto phosphate-buffered 0.2 M Na 2 SO 4 agar (pH 7.0) for no less than 1 h. Six washed filters were taped onto an 8-by 10-in. backing paper, covered with plastic wrap, and exposed to Kodak XAR X-ray film (Eastman Kodak Corp., Rochester, NY) for 2 days at room temperature and developed using an X-Omat automated film processor (Eastman Kodak Corp., Rochester, NY). Organisms capable of degrading test substrates were determined visually by comparing autoradiographic film exposure densities between substrate and substrate-free distilled water control plates. 35 S autoradiographic detection level. The theoretical 35 S autoradiographic detection level was determined by spotting 2-fold serial dilutions of stock Na 2 35 SO 4 onto HATF filters using the 48-prong inoculator. After exposing XAR film to the spotted filters for 48 h at room temperature, the optical level of detection for an individual spot was determined to be 21.3 pCi. The level of saturation (activity above which no additional resolution is observed on autoradiographs) was 0.01 Ci. The amount of carbon assimilation required to produce a minimum detectable signal, given that DAB contains 0.993 mM SO 4 2Ϫ and 1.0 Ci 35 S ml Ϫ1 and using a cellular C/S ratio of 50 (17) and a carbon assimilation fraction of 50%, is 1.06 nmol per spot. Using 3-CBA (C 7 H 4 ClO 2 Ϫ ; 155.57 g mol Ϫ1 ), the equivalent detection level was 47 ng 3-CBA per spot. The practical limit of detection, taking into consideration background 35 S incorporation on inoculated filters incubated on substrate-free distilled water plates, was 1 nCi, which equates to 2.21 g 3-CBA per spot.
RESULTS
Functional diversity of 3-CBA transformation. Soil enrichments followed by purification on R2A agar yielded 610 isolates capable of releasing 14 CO 2 from 3-CBA-ring-UL-14 C. When recultivated from Ϫ70°C glycerol stocks, only 534 strains retained the phenotype. These strains were incubated in 1.0 mM 3-CBA medium A, and the amount of 3-CBA remaining after 7 days was measured using HPLC. Since 3-CBA disappearance measured by HPLC is not mineralization per se, the amount of 3-CBA removed from culture tubes was defined to be the 3-CBA transformation capacity. The strains varied markedly in their ability to metabolize 3-CBA, and transformation capacities ranged from a few percent to complete loss, revealing extensive functional diversity among 3-CBA-degrading isolates.
Rank ordering isolates based on 3-CBA transformation capacity (Fig. 1, inset) revealed a continuum of catabolic activity, extending from strains with limited and partial activity to those which completely removed 3-CBA from the medium. When the individual 3-CBA transformation capacities were plotted by geographic region (Fig. 1) , the wide variation in rate and extent of degradation seen in each profile suggested an underlying guild structure. The regional profiles also indicated that 3-CBA transformation capacity is not normally distributed in natural communities and that the majority of isolates could only partially reduce the concentration of 3-CBA in the medium. While most regional profiles were fairly similar in appearance, profiles from South Africa and Chile deserve mention. South African isolates were distinctive both in total number of isolates cultivated and in their proportion of isolates with high transformation capacities. In all, 136 South African strains were isolated, and 52 (38%) had 3-CBA transformation capacities of over 80%. Chile, on the other hand, had the smallest number of 3-CBA-degrading isolates (n ϭ 67), and only 9 of 67 (13%) have transformation capacities above 80%. This clearly showed that catabolic activity varied widely between strains both within and between geographic sites. As stated previously, the majority of isolates represented organisms with low transformation capacities. For 96 (18%) strains, brown-purple intermediate metabolites were present in culture tubes. This was most likely due to accumulation of polyphenolic intermediates indicative of oxidative decarboxylation of 3-CBA without further catabolism of the resulting chlorocatechol. As a general observation, the proportion of isolates producing colored intermediates increased as 3-CBA transformation decreased. The similarity in shape between transformation profiles from different regions implied common metabolic features present in different groups of 3-CBA degraders. To ascertain the extent of similarities, individual strains are assigned to 1 of 10 arbitrary groups based upon their transformation capacity (Fig. 2) . Pairwise comparisons of the proportion of isolates in each group generated indices of percent similarity (Fig. 2, inset) . Most comparisons produced indices within one standard deviation of the group mean (mean, 61; SD, 10), indicating they shared similar guild structures. Four regional pairs, however, had indices of similarity that differed by more than one standard deviation either above or below the mean. Two pairs (U.S.-Russia and Russia-Chile) had similarities less than one standard deviation below the mean, revealing the least similarity between regions. Differences in guild structure were attributed to the relatively higher abundance of fast degraders present in the U.S. isolates and the disproportionately higher occurrence of slow degraders in Chilean isolates. Two pairs (U.S.-Chile and Russia-Australia) had similarities greater that one standard deviation above the mean, indicating that those guild structures were most similar between regions. However, no statistically significant relationship was observed in pairwise comparisons of sample origin, soil type, or plant community.
Catabolic diversity in 3-CBA dechlorination. Although a reduction in the concentration of 3-CBA in medium A was indicative of biotransformation, chloride release from the aromatic ring has been observed to be a key metabolic event in mineralization. An examination of a representative subsample of 390 strains from South Africa, Chile, Russia, and Canada revealed an increase in chloride concentration in cell-free supernatant from 193 (49%) isolates following incubation for 21 days in 1.0 mM 3-CBA. Of these, roughly half degraded more than 65% of 3-CBA in the medium (Fig. 3) . The strains degrading less than 65% of 3-CBA were of particular interest. Isolates degrading 72% of 3-CBA from all six regions fell within this range, but dechlorination activity was detectable in only 39% of this subsample. In the 0 to 14% transformation capacity group, little to no detectable chloride release was observed, possibly indicating catabolic blocking by the meta chlorine.
Functional diversity in substituted aromatic degradation. We used the 35 SO 4 2Ϫ assimilation assay as a means to screen for assimilation of a large number of different substrates and not be restricted by having an analytical method for each. In preliminary investigations using well-characterized 2,4-dichlorophenoxyacetic acid (2,4-D)-degrading bacteria, the 35 SO 4 2Ϫ assimilation assay duplicated the results of HPLC, 14 CO 2 evolution, and 14 C incorporation in 86% of strains (data not shown). The substrate range of a 3-CBA isolate was defined to be the number of other chloroaromatic compounds that would cause assimilation of 35 SO 4 2Ϫ . Fifty-eight genotypically distinct 3-CBA-degrading bacteria used 44 different aromatic compounds (Table 3) . Agreement between preliminary 2,4-D and 3-CBA studies demonstrated that this method could be used as a screening assay for other catabolic traits.
Results of the substrate range assays indicated a wide continuum of activity within 3-CBA strains. Benzoate was most frequently metabolized, being used by 93% of strains. The average number of different substrates metabolized by 3-CBA mineralizing strains was 11 (SD, 8) , with a median of 8 (Fig. 4) . As expected from our isolation procedures, 3-CBA predominated over all other chloroaromatic compounds and stimulated 35 SO 4 2Ϫ assimilation in 86% of strains. No strains were able to grow using 2-chlorobenzoate and 2-and 3-nitrophenol at 50 g substrate ml Ϫ1 . Dichlorobenzoate incorporation ranged from 5 to 67% of isolates. The most frequent were 2,6-and 3,4-dichlorobenzoate at 67 and 64%, respectively; however, dichlorobenzoates as a whole were not used by the majority of isolates. The use of 3,4-dichlorobenzoate was consistent with results for meta and para monosubstituted benzoate. The ability to use 2,6-dichlorobenzoate did not fit this model and implies that another mechanism is responsible for degradation of this compound. The ring chloride position preference was not observable in chlorophenol metabolism. Phenol was used by 61% of the isolates, but 2-, 3-, and 4-chlorophenols were used by only 22, 14, and 16% of the strains, respectively. Chlorinated aniline, nitrobenzene, and toluene were used by approximately 10% of strains. As this frequency was similar to that for the nonchlorinated parent molecule, data indicated that these strains lacked an efficient pathway for aniline, nitrobenzene, and toluene use.
In most cases, the nonsubstituted parent molecule was used by isolates when chloro-substituted benzoate (3), phenol (2), aniline (2), toluene (3), and nitrobenzene (1) were metabolized (numbers in parentheses indicate the number of strains that did not use the nonsubstituted molecule while degrading a substituted one). This suggested that degradative enzymes for substituted molecules were not unique to chloroaromatic metabolism and possibly shared pathways with nonsubstituted molecule(s). In contrast to chlorinated aromatics, seven strains used nitrotoluene but did not use toluene. Phenol, on the other hand, was used by all strains using nitrophenol.
DISCUSSION
Our results revealed extensive functional diversity within a collection of 3-CBA-metabolizing bacteria isolated from six globally distributed, undisturbed ecosystems. Since our isolation procedures minimized long-term laboratory incubations and serial transfers on selective media, we also minimized bias from laboratory adaptation and conclude that chloroaromatic degradative traits are present, active, and widely distributed in naturally occurring bacteria. Although we did not examine the fine-scale composition of the overlying plant communities, we concluded that at the course scale, metabolic properties of isolates are not directly attributable to differences in geography or plant community composition. Additionally, isolates did not require extensive periods of adaptation to develop activity. Since the majority of our global isolates could only partially transform 3-CBA in medium A (as indicated by the accumulation of metabolic intermediates), we concluded that while 3-CBA transformation is common in soil, the predominant enzymes expressed by individual strains for chloroaromatic metabolism either lack enzyme specificity or the pathways are incomplete; thus, they are inadequate for efficient dechlorination and complete mineralization (18) . Since soils were selected because they did not have a documented history of exposure to anthropogenic chloroaromatics, these results were not biased by enrichment of metabolic specialists. This suggested several interpretations: catabolic traits for the substituted aromatics examined in this study are widely distributed in indigenous soil bacterial communities, enzymatic diversity accommodates a variety of substitutions and positions, and the 3-CBA trait is not uniformly expressed and does not necessarily confer the ability to catabolize other substituted aromatic compounds.
We concluded that other naturally occurring compounds must predispose bacteria for 3-CBA metabolism, and that natural predisposition serves as the biochemical basis for the development of more efficient pathways once consistent selection is applied. This implied that in untreated soils, mineralization is effected through cometabolic consortia and not by organisms with complete and highly efficient biochemical pathways. If such is the case, then our knowledge of chloroaromatic metabolism, gained through the intensive study of efficient degraders (Fig. 1, far right) such as B13 (1), JMP-134 (2), or AC858 (3), is incomplete and leads to metabolic models for chloroaromatic degradation biased by those few organisms which grow rapidly and/or efficiently under laboratory conditions.
While halogenated compounds occur more frequently in nature than originally suspected (19) , most of these are not aromatic compounds and are found in marine and not terrestrial environments. 3-CBA is not one of the naturally occurring halogenated aromatic compounds reported in soil (with the exception of trace amounts found in recently formed volcanic ash, an occurrence that would have limited selective value or widespread distribution). In addition, 3-CBA is not a common intermediate in pathways described for natural haloaromatic degradation. de Jong et al. (20) reported a significant production of chlorinated anisyl metabolites by soil fungi and suggested that these metabolites are degraded by soil bacteria via chlorophenol (not chlorobenzoate) intermediates. None of our isolates mineralize 3-chloroanisic acid in pure culture, indicating that 3-CBA-degrading bacteria are not involved in this process (data not shown). This does not rule out that chlorinated anisyls are degraded through chlorocatechol intermediates, as in the described 3-CBA ortho pathway, or that they are substrates for the development of other chloroaromatic pathways. Subsequent examination of DNA extracts from 16 3-CBA-degrading strains, however, showed no hybridization to either clcA (ortho pathway) or cba (meta pathway), indicating that known genetic determinants were not present in these strains (5, 21) .
The accumulation of toxic intermediates from novel substrates is known to inhibit the growth and metabolism of bacteria (22, 23) and may explain why some isolates only partially transformed 3-CBA. In nature, however, the chloroaromatic substrate concentration would be much lower than in our test, making inhibition less likely. Moderate degraders appeared to represent the majority Table 2 .
of chloroaromatic degrading bacteria in nature. Intermediate activity potentially is associated with a more general aromatic pathway, one adapted for degradation of naturally occurring aromatic compounds but not 3-CBA specifically. The rare occurrence of high 3-CBA activity may be a fortuitous event and may have limited ecological advantage. Our results suggest that in nature, whole communities of moderate to poor degraders, with a continuum of inefficient enzymes and unstable genomes, collectively mineralize xenobiotic compounds. Due to the variety of organic compounds produced in natural environments, it is not surprising that bacteria isolated from pristine soil environments metabolized a broad range of aromatic substrates. It is surprising, however, to find organisms which readily used chlorinated aromatic compounds, particularly compounds thought to be xenobiotic and possibly requiring genetic changes to produce this phenotype. However, given the large soil bacterial diversity estimated from nucleic acid analysis (24) , functional diversity among a guild of degraders would be anticipated. Our observations led us to conclude that soil bacteria can degrade xenobiotic compounds because their low-affinity enzymes recognize structural similarities to natural compounds. These results indicated widespread distribution of catabolic activity against compounds thought to be xenobiotic and support the hypothesis that soil bacteria are preadapted to degrade at least some chlorinesubstituted aromatic compounds. No correlation was observed between the ability of an isolate to efficiently degrade 3-CBA, the range of substituted aromatic compounds metabolized, and its geographic origin. While edaphic, climatic, and vegetation factors may play a role in structuring microbial communities in general, microscale spatial isolation and resource heterogeneity appear to be primary determinants of high soil microbial diversity (25, 26, 27) . The diversity of isolates we observed at both the genetic (4) and metabolic (this study) level within a single site and region supported the conclusion that functional community structure was based upon consortia and not the result of a few representative organisms (27) .
Finally, our data indicate that selective pressure from continuous exposure to chloroaromatic compounds was not the primary mechanism driving bacterial metabolic pathway development. Although natural halogenated compounds are widespread, they may not be the primary selective force, as their occurrence and concentration in soils is low. Instead, strains from pristine soils appear to be predisposed for broad oxidation of benzoates and other substituted aromatic compounds. Functional diversity among soil bacteria may provide the genetic and enzymatic foundation for adaptation into more highly efficient strains. However, degradation in nature appears to occur through microbial consortia of degradative generalists and not by catabolic specialists. Considering the metabolic potential presented in this study, extrapolation to regional or global dimensions indicates sizable contributions of soil microorganisms to biotransformation processes that have not been quantified or for which we do not have good models.
